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A. Introduction

This report will review the work completed under AFOSR AASERT. The goal of this
project has been to develop microlenses on the back-side of Vertical-Cavity Lasers (VCLs) and use
them in a free-space link. In the process, it was also realized that a simulation program was
necessary to evaluate the link. In this final report we briefly review the microlens work and then
focus on detailing the link simulator.

The link simulator program was written in ANSI C, but interfaced with HSPICE, a
commercial circuit simulation package, to allow accurate analysis of the laser driver and/or receiver
circuit as well as the laser and detector parasitics. Using the program, signals can be traced as they
propagate through the link. ‘This not only provides information about the link’s performance, but
also about link components and their interactions. After describing the program’s structure and
operation, simulation results will be presented.

Two students were involved in this AASERT - Eva Strzelecka and Duane Louderback.
Ms. Strzelecka focused on the microlenses and Mr. Louderback worked on the link simulator. Ms.
Strzelecka will be finishing her Ph.D. by early 1997 and Mr. Louderback is in an earlier stage of
‘his Ph.D. work.

B. Micro-Lensed VCSELs

Wafer-level integration of optoelectronic devices with microlenses will result in
components that can be used directly in systems, without external optics. Combinations of
vertical-cavity surface-emitting lasers (VCSELs), LEDs, or detectors, with microlenses have
applications in optical fiber systems, free-space interconnections, displays, printers, etc.
Refractive lenses, etched in the back side of the substrate, have several advantages over diffractive
lenses. Besides the simple and manufacturable fabrication technology, the lens optical efficiency is
primarily limited by the absorption of the substrate, which is nominally transparent. Furthermore,
these lenses are far less sensitive to wavelength variations. We present a process for fabricating -
refractive microlenses in GaAs and InP with the ability to control the radius of curvature (ROC)
within +10%, suitable for many practical applications.

Our microlens fabrication requires transfer of a lens-like shape of patterned, reflowed
photoresist[1] into the semiconductor by anisotropic dry etching. We chose reactive ion etching
(RIE) over etching with inert ions to achieve faster etch rates and a controllable ratio of the etch rate
in the semiconductor to that in the erodable mask material{2]. The latter allows precise control of
the lens shape. The lens ROC is primarily controlled by the shape of the mask material. The initial
thickness and diameter are of most importance. The initial thickness of the resist is adjusted by
controlled etchback in oxygen RIE, after patterning. The semiconductor in the field is etched to

form a pedestal, prior to reflow of the resist, in order to create surface tension that prevents the



resist from spreading in subsequent reflow, and to preserve the lithographically defined diameter.
The polyimide PMGI, used as an erodable mask, forms a nearly-spherical shape after reflow.
Finally, the lens shape is transferred to a GaAs substrate in Cl, RIE. The final lens shape strongly
depends on the ratio of etch rate in the GaAs to that in the PMGI. Two in-situ optical monitors in
our RIE reactor allow us to control the etch rate ratio thereby achieving a desired curvature and
- correcting for aberrations. The etch rate of GaAs increases with pressure, due to the increasing
chemical nature of the process, whereas the PMGI etch rate remains fairly constant (Fig. B1). The
bias voltage proportionately increases the etch rate of both materials. The etch rate of GaAs is
about 1.5 to 3 times faster than PMGI. Under typical conditions (2 mT and 350 V bias), the etch
rates of GaAs and PMGI are 220, and 110 nm/min, respectively. The initial resist mask is usually
thinner than the final GaAs lens, as determined by profilometer scans (Fig. B2). A similar process
for InP microlenses in BClsl‘Cl2 chemistry has been also developed.

For integration with devices, the lens is recessed into the wafer (Fig. B3) for lens surface
protection and contact metallization. Integration of GaAs lenses with single mode VCSELs has
resulted in reducing the laser’s far-field divergence half-angle of ~14° to less than 1.1°.

References to Section B

[1] Z. D. Popovic, R. A. Sprague, and G. A. N. Connel, Appl. Opt., 21, pp. 1281-1284 (1988)
[2] E. M. Strzelecka, G. D. Robinson, M. G. Peters, F. H. Peters, and L. A. Coldren, Electron.
Lett., 31, pp. 724-725 (1995)
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" Figure B1. Etch rates of GaAs and PMGI as a function of pressure and bias voltage in CL, RIE.



2 0 [T T T T [T T l--!—l T

g E T 'GaAs.i Lens ~

PR SE— ,+ . RQC. = 270 um

~ [ /s ‘

£

x ;

” : PMGI Mask

S 5 [l - -ROC-=- 610-um

= ]
O 1 1 1 1 i 1 L 1 1 i L 1 1 L I 1 1 1 1 J
-100 -50 0 50 100

! i
H

Figure B3. Scanning electron microscope image of a GaAs lens array recessed in the substrate.

C. Link Simulator Program Structure

The basic structure of the link simulator is illustrated in Figure C.1. As the block diagram
shows, the program starts by creating a pseudorandom input of current pulses. This current
waveform is the input signal to either the laser driver circuit or the laser itself if the circuit is
included on the receiver end of the system. This part of the simulation is performed by HSPICE
and yields the laser voltage and current waveforms. The laser multimode rate equations are then

solved under the constraint of the laser current waveform found previously. The rate equations




determine the carrier density, optical power, and chirp waveforms. The program then propagates
the signal through either free-space or fiber. For a free-space link, only insertion loss is
introduced, but for a fiber link, coupling losses, absorption, and dispersion are included. The
detector response, excluding the RC response, is then calculated. HSPICE is invoked to perform
the simulation of the RC response of the detector as well as the receiver circuit, if there is one.
Finally, the receiver current waveform is filtered. An eye diagram is formed and the results are
stored in an output file for graphing.

The pseudorandom pattern generator creates a waveform of supergaussian current pulses
and stores it in a file for HSPICE and the subsequent electrical part of the simulation. The pulse
magnitude, bit rate, word length, and pulse rise times can be specified by the user in an input file.

If a laser driver circuit is included in the link, an HSPICE description of the circuit is stored
in an input file. This input file also contains model files for all devices used in the laser driver
circuit. Another input file contains laser parameters including those necessary for an electrical
model. The electrical model used for the laser, shown in Figure C.2, is composed of a diode with
a resistor, capacitor, and inductor included to account for parasitics. The program combines the
laser driver circuit description and laser electrical model into an HSPICE input file. The program
then runs HSPICE on the input file and retrieves the resulting laser current and voltage waveforms.

Pseudorandom Pattern Generator

Laser Driver Circuit
(HSPICE)

Multimode Rate Equations

Fiber / Free-space

Receiver Circuit
(HSPICE)

Filter

Eye Diagram
and Waveforms

Figure C.1: Block diagram of the link simulator.
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Figure C.2: Electrical model of the laser used in the link simulator.

The laser’s multimode rate equations must be solved, consistent with the laser’s current
waveform, to ascertain the optical power, carrier density, and chirp waveforms. All required laser
parameters are contained in an input file. The multimode rate equations are

dN(t) : nd(2) — AN(t) - BN(1)* — CN(t)’ - ngmgmNpm(t)

dt qV
dNn,, (1) 1
_2;— = [Fmvgmgm - EJN,,M(O +T,.B,BN(t)"
g, (1) _«
— = EI‘mvgma °[dN(1)]
1 g, 1 N®+ N,
N, +N,

gm = [ ] ein
[1+(ﬂ)2] LN,
M

where I(t) is the laser current, N(t) is the carrier density, N,n(t) is the photon density in the mth
mode, and ¢,(t) is the phase of the mth mode. N(t) is the total photon density summed over all

modes. The gain spectrum is approximated by a Lorentzian where m=0 is the mode with the
highest gain and M is the mode number where the gain has fallen to half of its peak value [1].

To soh}e the rate equations, the program begins by calculating the threshold conditions and
initial values for the carrier density and photon densities. Then the differential equations are
stepped through, point by point, to solve for the variables’ values at each point in time. This
method of solving these differential equations requires that the time step is very small, on the order




of a few ps. Although the number of points can get quite large, the solution of the rate equations
only takes a few seconds typically.

Once the optical power and chirp waveforms have been determined, the optical signal must
be propagated through either free-space or optical fiber to the photodetector. In the case of a free-
space interconnect, the program includes the coupling loss between the laser and detector. In the
case of a fiber interconnect, the program includes coupling loss, absorption, and both first and
second order dispersion. This produces the optical waveform that will be incident on the
photodetector. '

The detector response, excluding the RC response, is calculated next. The RC response of
the detector is found through HSPICE. Excluding the RC response, the detector’s frequency
response is ‘

i(w) 1 l—g e e ] 1-e™  _ 1-eeT
. = —ol . +e . + . +e .
i(0) l-e Jjot, +oL jor, jot, oL - jor,

where 1,=L/v, and t,=L/v,. This frequency response is convoluted in the time domain with the

detector’s dc response, i(0)=R*P, to get the detector current without parasitics. The effects of
resistance, capacitance, and inductance are ascertained using HSPICE. HSPICE is used for this
part of the response because it depends upon the load impedance the detector sees. The load may
just be a resistance. However, if a receiver circuit is included, the input impedance of the receiver
circuit becomes the load impedance of the detector. This completes the detector response and
allows the detector current waveform to be accurately determined.

The program allows a laser driver circuit and/or a receiver circuit to be included in the link.
If a receiver circuit is included, HSPICE is used to simulate it at the same time as the RC response
of the detector. As with a laser driver circuit, the circuit description is contained in an input file.
The program reads the circuit description and creates the appropriate input files for the HSPICE
simulation.

Finally, a low pass filter is applied to the receiver output. An eye diagram of the output
current. is formed by successively shifting and superimposing the output current waveform. The
eye diagram and relevant waveforms are stored in output files for graphing and further analysis.

References to section C

[1] L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, John
Wiley & Sons, Inc., 1995, p. 214-217, 235.




D. Simulations

To demonstrate the operation of the link simulator, it was used to analyze a short distance
fiber link using 2 980 nm vertical cavity laser (VCL). The VCL had a threshold current of 270 pA
and was driven by a three stage common emitter HBT laser driver circuit as shown in Figure D.1.
The link also consisted of 2 km of graded index fiber and a small area pin photodetector. A three
stage common emitter receiver circuit was used to drive a 50 Q load and the receiver output was
filtered at .7 times the bit rate. The receiver circuit is the same as the laser driver circuit except for
the biasing. The waveforms resulting from the link running at 1 Gbit/s are shown in Figures D.2a
and D.2b. It can be seen from the waveforms that if the bit rate were increased, pattern dependent
effects would begin to appear. Figure D.3 shows eye diagrams of the link’s output at 1, 2, 3, and
4 Gbit/s. At the higher bit rates, pattern dependent effects can be seen in the eye diagrams,
resulting in eye closure. From the eye diagrams, it appears that this link could probably be
operated at up to 3 Gbit/s while still maintairiing a low bit error rate. '

- -

I 1
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i 1500 Q
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Electrical 0Q |
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Figure D.1: Three stage common emitter HBT laser driver circuit used in the link simulatio‘n. The circuit is used to
drive a 270 pA threshold VCL and has a current gain of approximately 20 A/A.
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Figure D.2a: Waveforms of the input current, laser current, laser voltage, carrier density, and laser chirp of a fiber
link operating at | Gbit/s. The link consists of a three stage common emitter HBT laser driver circuit, 270 pA
threshold VCL, 2 km of graded index fiber, small area pin photodetector, and receiver filter at .7 times the bit rate.
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Figure D.2b: Waveforms of the optical power before the fiber, optical power after the fiber, detector current, and
filtered current of a fiber link operating at 1 Gbit/s. The link consists of a three stage common emitter HBT laser
driver circuit, 270 pLA threshold VCL, 1 km of graded index fiber, small area pin photodetector, and receiver filter at

.7 times the bit rate.
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stage common emitter HBT laser driver and receiver circuits, 270 pA threshold VCL, 2 km of
graded index fiber, small area pin photodetector, and receiver filter at .7 times the bit rate.
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